In this study we investigate pool boiling of water at 0, 5, 10, and 20 K of subcooling and heat fluxes up to 250 kW/m 2 . The experiments are performed on smooth 6-µm titanium foil whereas a high-speed infrared and video camera are used to measure spatio-temporal surface temperature variations and visualize growing/collapsing vapor bubbles. Results show partial overlaying of boiling curves, which means that a higher degree of subcooling does not necessarily result in a lower average wall temperature. In all cases the bubble activation temperatures in subcooled boiling are higher compared to activation temperatures in saturated boiling. Existing nucleation criteria confirm that phenomenon. This indicates that overlaying of boiling curves cannot be attributed only to some random events on the boiling surface or measurement uncertainties. Experimental data are also presented in the form of recent wall-temperature distributions. All the distributions in subcooled conditions exhibit lower skewness compared to the temperature data obtained in saturated boiling. Subcooled liquid requires larger bubble activation temperature and at the same time limits the local temperature increase. Therefore, the mass of each individual distribution is concentrated on the right side and exhibits negative skewness. This additionally confirms the usefulness of wall-temperature distributions for evaluation and comparison of pool boiling experimental data.
INTRODUCTION
Due to the large latent heat of the working fluids, boiling is a promising method in many applications where high heat flux removal is required. Despite the widespread use and several decades of research (Nukiyama, 1966; Lienhard, 1988; Kenning, 1999; Kim, 2009 ) many details of complex boiling heat transfer mechanisms are still unclear (Golobic et al., 2004 (Golobic et al., , 2011 Sanna et al., 2009) . One of the basic approaches in boiling study is saturated nucleate pool boiling, where the heat is transferred from the surface into a semi-infinite pool of saturated liquid. However, in real applications the boiling surface is most often surrounded with subcooled liquid. The degree of subcooling influences fluid properties, heat transfer mechanisms (Ando et al., 2016; Tang et al., 2017) , and also the critical heat flux (Zuber, 1959; Golobič and Bergles, 1992) . Therefore, the results and findings in saturated conditions cannot be directly transferred to subcooled boiling.
During boiling liquid vaporizes at solid surface that is heated above the fluid's saturation temperature at a given pressure. The quantity of heat flux transmitted from the surface (q) increases as the temperature difference between the surface and the working fluid saturation temperature (∆T sat ) increases until a critical heat flux (CHF) is reached. In saturated conditions any further increase of q beyond CHF leads to transition from nucleate to film boiling regime, which results in a large increase of superheat and usually leads to burnout. However, for certain degree of subcooling (∆T sub -the temperature difference between saturation temperature and bulk temperature) the so-called microbubble emission boiling (MEB) can take place. In the MEB regime heat fluxes much higher than CHF are observed even though the ∆T sat usually does not exceed 100 K. Several authors (Ando et al., 2016; Tang et al., 2017) found that MEB occurs only when the level of subcooling is exceeding 20 K. Authors Ando et al. (2016) further argue that in the regime of nucleate boiling the boiling curves are overlaid on each other without depending on the liquid subcooling. It is thought that heat transfer mechanisms of nucleate boiling are not dependent on the degree of subcooling.
Authors Kim et al. (2013) utilized DEPIcT (Detection of Phase by Infrared Thermography) method to characterize saturated and subcooled pool boiling performance of water on smooth silicon surface. Results showed that the contact line density, which is the length of triple contact line per unit area of the boiling surface, increases with the level of subcooling. This implies that the bubble contact diameter decreases and nucleation frequency increases with increasing subcooling. However, they were unable to simultaneously measure surface phase and wall temperature in order to prove that higher contact line density would result in higher heat transfer coefficient. Future work is therefore needed in this field.
The aim of this study is to further investigate boiling behavior of subcooled water in nucleate boiling regime at heat fluxes up to about 250 kW/m 2 . The experiments were performed on smooth 6-µm titanium foil whereas a high-speed infrared (IR) camera was used to measure spatio-temporal surface temperature variations and a high-speed video was used to visualize growing vapor bubbles. The tests were made in saturated conditions as well as at 5, 10, and 20 K of liquid subcooling. The data are shown in terms of boiling curves and wall-temperature distributions (Golobič and Zupančič, 2016) . Our results present a better insight into subcooled nucleate boiling phenomena.
EXPERIMENTAL SETUP AND DATA PROCESSING

Pool Boiling Experimental Setup
The pool boiling experimental setup was the same used in our previous research (Zupančičet al., 2015; Golobič and Zupančič, 2016; Petkovsek et al., 2016) and is presented in Fig. 1 . The main part is the boiling chamber with external dimensions of 170 × 100 × 100 mm 3 made of two steel plates and walls made of double-pane glass to enable visualization and at the same time minimize heat losses during the measurements. The heater unit with attached titanium foil (17 × 27 mm 2 ) was mounted on the bottom of the boiling chamber. Foil was glued to the ceramics with two-component epoxy (Duralco 4538). The heater unit had a rectangular borehole milled in the center to enable IR thermography as shown in Fig. 1 
(c). A golden mirror was placed at an angle of 45
• under the chamber to allow the IR camera to safely record the temperature fields at the bottom of the thin metal foil. In order to improve accuracy of IR thermography, the foil was painted on the bottom with high-emissivity paint (ε = 0.90). Double-distilled water was used as the working fluid and was boiled for 2 h prior to the experiments for degassing. Two immersed cartridge heaters were used for the degassing, preheating, and to maintain the saturation temperature. For subcooled measurements the degassed water was naturally cooled down to desired temperature and then the heat flux was applied in terms of resistive heating of titanium foils (we used Sorensen SGA 40/250 DC power supply). Bulk temperature was measured with T-type thermocouples (placed about 0.5 cm under and above the boiling surface) and additionally with a four-wire resistance temperature detector (in level with titanium foil). All of the temperature and voltage signals were recorded with an Agilent 34970A data acquisition unit and a multiplexer module 34901A.
The visualization system consisted of a high-speed monochrome complementary metal-oxide-semiconductor camera (Photron FASTCAM Mini UX100) and a high-speed IR camera (FLIC SC6000). Video was recorded at 5000 frames per second (fps) while IR images were obtained with 1000 fps. The spatial resolution of IR thermography was 250 µm per pixel. For each given heat flux we obtained 10 s of recording.
Heat Flux Measurement
The titanium foil was powered with direct current (Sorensen SGA 40/250E) and therefore heated based on the Joule effect. Heat flux was determined according to the equation where ∆U foil and ∆U shunt are voltage drops across the foil and reference shunt (EMPRO LAB-250-100), respectively. R shunt is the resistance of the shunt and S is the surface area of the heating foil.
Measurement Uncertainty
The conversion from a raw digitalized IR signal to temperature was done using the calibration curve obtained under the same ambient conditions as were later maintained during actual boiling experiments. The absolute uncertainty of the temperature measurement was determined to be around 2 K and was almost constant across the entire calibration range (80-180 • C). Note that noise equivalent differential temperature for our camera is less than 20 mK. The measurement uncertainty of the temperature difference between individual pixels is therefore much lower than the absolute temperature uncertainty.
Expanded relative measurement uncertainty of the input heat flux was estimated as 0.5% of the heat flux and resulted from combined measurement uncertainty of the voltage drop across the foil, electrical current, and uncertainty of the heater area.
Wall-Temperature Distribution
As an alternative to classical boiling curves that plot spatio-temporal averaged heat flux versus wall superheat, we proposed in our recent study (Golobič and Zupančič, 2016) a new approach based on calculating probability densities of wall temperatures (the so-called wall-temperature distributions). The result of IR measurement at certain heat flux is 10,000 consecutive frames (10 s of recording at 1000 fps) and this corresponds to more than 3 × 10 7 temperature points considering the IR image resolution is at least 80 × 40 pixels. If we put all the temperature points into a single one-dimensional vector and arrange the data into n equidistant temperature intervals, the probability density p for the ith interval is where N i is the number of measurements belonging to the ith interval, while T w,max and T w,min are the maximum and minimum measured wall temperatures, respectively. We assume that the probability density p corresponds to the temperature in the middle of the ith interval. Wall-temperature distributions provide wide spectra of information like minimum and maximum local temperature, temperature standard deviation, and the overall shape of data distribution. Skewness is a measure of asymmetry of distribution and can be calculated as
where N is the total number of temperature measurements, T w,i is the ith wall temperature, and T w is the average wall temperature. Negative skew for example indicates that the tail on the left side of probability density function is longer or fatter than the right side. It means that the mass of distribution is concentrated on its right side. Figure 2 shows examples of generated vapor bubbles in nucleate boiling regime at 100 kW/m 2 for saturated boiling and three different subcooling rates. For the saturated boiling case bubbles rise due to buoyancy forces up the water level. In the subcooled condition, even when the bulk temperature is decreased only for 5 K under the saturation temperature, all the bubbles collapse due to condensation within a few tens of milliseconds after departure. Each bubble collapse produces a distinctive popping sound.
RESULTS AND DISCUSSION
It was found that a higher degree of subcooling does not necessarily result in a lower average wall temperature, as presented in Fig. 3 . The wall temperatures for ∆T sub = 5 K are on average 2 K higher compared to saturated conditions. Higher wall temperatures were also observed for the 10 K of subcooling, whereas in the case of ∆T sub = 20 K the temperatures were around 1 K lower compared to saturated boiling. Partial overlaying of boiling curves in nucleate boiling regime for different degrees of subcooling was also previously observed by other authors (Ando et al., 2016; Tang et al., 2017) . It is claimed that average wall temperature and heat transfer mechanism at a given heat flux do not depend on the liquid subcooling (Ando et al., 2016) .
For our experiments one could claim that differences in wall temperatures among different subcooling rates are within expanded measurement uncertainty of IR camera and that all boiling curves are actually following the same trend. However, we still performed some further investigations of boiling behavior on the local scale. The nucleation criterion by Hsu (1962) says that the minimum wall temperature (T w,0 ) required for a bubble to nucleate from an ideally sized nucleation cavity is
where A is
In the above equations the σ, λ, and ρ V symbols represent the liquid surface tension, thermal conductivity, and vapor density, respectively. ϕ is the contact angle of liquid and δ is a thermal boundary layer thickness. The thermal boundary layer thickness decreases with increasing ∆T sub and based on Eq. (4) the bubble activation temperature is expected to increase. To confirm this we have plotted temperature profiles under the growing bubbles at comparable heat fluxes for different subcooled conditions (see Fig. 4 ). The blue line labeled as 0 ms represents the temperature profile just before the bubble began to nucleate. It is clearly seen that the average bubble activation temperature as well as the local maximum temperature (at 0 ms in Fig. 4 ) for saturated boiling is lower compared to all subcooled conditions. The local maximum temperature under the bubble in the moment before nucleation occurred is for the subcooled case between 118.8 and 119.5
• C and for saturated boiling 117.3
• C. We can observe similar behavior for other nucleation sites as well. Even though we are not able to compare the exact same nucleation sites among different experiments, we can confirm that activation temperatures are noticeably higher in subcooled conditions in the subcooling range up to 20 K and heat fluxes up to 250 kW/m 2 . (2) we have calculated wall-temperature distributions for each measured heat flux in all experimental runs (see Fig. 5 ). With boiling curves we have already shown that average wall temperatures for 5 and 10 K of subcooling are higher compared to saturated conditions. Interestingly, all the wall-temperature distributions in subcooled conditions exhibit lower skewness compared to boiling in saturated liquid (see Fig. 6 ). This means that wall-temperature measurements in subcooled conditions are more concentrated in the right side of the distribution and we believe this is due to higher bubble activation temperatures. Higher activation temperatures also cause the increase of local maximum temperatures (e.g., see the numbers above x axis in Fig. 5 ), but only for small subcoolings. As the subcooling increases, local and average wall temperatures fall below the values obtained in saturated conditions. In our case this is observed in Fig. 5(c) . Despite the overall temperature decrease, the activation temperatures for 20 K subcooling are higher compared to saturated boiling and therefore the skewness still remains relatively low. 
FIG. 3:
CONCLUSIONS
In this study we showed experimental results of saturated and subcooled nucleate pool boiling of water on thin 6-µm titanium foil. The spatio-temporal temperature fields and phase-change events on the boiling surface were observed • Recent results from different authors showed that boiling curves in subcooled nucleate boiling regime are overlaid on each other, which means that a higher degree of subcooling does not necessarily result in a lower average wall temperature. Partial overlaying of boiling curves was also found in our case.
• With the present nucleation criteria it can be calculated that a higher degree of subcooling requires higher bubble activation temperatures and our results confirm this. Activation temperatures for subcooled boiling were higher compared to saturated boiling, despite the fact that the average wall temperature for ∆T sub = 20 K was lower compared to temperatures in saturated conditions. This indicates that partial overlaying of boiling curves in subcooled nucleate boiling regime cannot be attributed only to some random events on the boiling surface or measurement uncertainties.
• Wall-temperature distributions were calculated at different heat fluxes for each experimental run. All the distributions in subcooled conditions exhibit lower skewness compared to the temperature data obtained in saturated boiling. Subcooled liquid requires larger bubble activation temperature and at the same time limits the local temperature increase. As a result the wall-temperature measurements are concentrated in the right side of the distribution (e.g., negative skew). With this we additionally confirmed the usefulness of wall-temperature distributions for evaluation and comparison of pool boiling experimental data.
